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SUMMARY
The common strain of tobacco mosaic virus (TMV) which does not multiply in cowpea plants, can infect isolated cowpea mesophyll protoplasts to a level of 50 to 70%. The highest percentage of infection was obtained when both the virus and the protoplasts were preincubated with poly-D-lysine and inoculation was with 1/zg/ml virus, 1 #g/ml poly-D-lysine, 2 x 105 protoplasts/ml in 0.6 M-mannitol, 0.1 M-potassium phosphate pH 5.4 at 0 o C for 7.5 min. The rate of virus multiplication in the infected protoplasts proceeded rather slowly and the increase in the percentage of infected protoplasts extended over 40 h. This can be explained by assuming a variable dose of infecting virus particles resulting in a considerable asynchrony in the infection process for different protoplasts. The course of infection of the common strain of TMV in cowpea protoplasts is similar to that of the cowpea strain of TMV, which has cowpea as a natural host.
Cowpea (Vigna unguiculata) is not a natural host for the common strain of tobacco mosaic virus (TMV). Cowpea leaves inoculated with TMV do not show any symptoms and the virus does not multiply within the plants. On the other hand the cowpea strain of TMV (C-TMV) infects and produces symptoms in cowpea leaves. In this paper we show that mesophyU protoplasts from primary leaves of cowpeas can be infected with TMV as well as with C-TMV and we compare the course of the multiplication of both TMV strains. Infection of cowpea protoplasts (Vigna sinensis) with TMV has been described by Koike et al. (1976) ; when we followed their procedure only a small percentage of the protoplasts became infected with the virus and a low percentage of these survived the infection procedure. For this reason it was necessary to reinvestigate the conditions for the infection of cowpea protoplasts with TMV.
Cowpea protoplasts [V. unguiculata (L) Waip var. 'Blackeye Early Ramshorn'] were isolated as described by Rottier et al. (1979) . The common strain of TMV used was the U1TMV strain. C-TMV was kindly provided by Professor R. M. Lister, Purdue University, West Lafayette, Ind., U.S.A. TMV was prepared from Samsun tobacco leaves by a combination of the methods described by Knight (1962) and Hebert (1963) ; C-TMV was purified from cowpea leaves by a combination of the methods described by Whitfield & Higgins (1976) and Bruening et al. (1976) . The concentrations of the purified virus suspensions were determined spectrophotometrically using an extinction coefficient K'lem J-" 260 , 0.1%=2.8.
Before inoculation of protoplasts, TMV or C-TMV (2/zg/ml) were preincubated at room temperature for 7.5 min in 0.1 M-potassium phosphate buffer pH 5.4, 0.6 M-mannitol containing 2 gg/ml poly-D-lysine (tool. wt. 70000; Sigma). Freshly isolated cowpea protoplasts (4 x 105 protoplasts/ml) were preincubated at 0 °C for 7.5 rain in the same buffer containing 0.75/zg/ml poly-o-lysine and sedimented by centrifugation at 600 rev/min for 2 rain. For inoculation, the protoplasts were then resuspended in the buffer and mixed with an equal volume of preincubated virus suspension. The final mixture, containing 2 × 105 protoplasts/ml, 1/tg/ml virus and 1/tg/ml poly-o-lysine, was incubated at 0 °C for 7.5 min.
After inoculation, the protoplasts were washed four times with sterile 0.6 M-mannitol, 10 mM-CaCI z to remove poly-D-lysine and unadsorbed virus and were then incubated for appropriate periods in the medium of Hibi et al. (1975) containing 5 #g/ml aureomycin instead of 1 /tg/ml cephaloridin. The determination of the frequency of infection of the cowpea protoplasts was as described by Otsuki & Takebe (1969) .
The amount of TMV or C-TMV produced in the infected protoplasts was estimated by comparing the infectivity of extracts of infected protoplasts with that of purified TMV or C-TMV (0.2 /tg/ml virus). Portions of 2 × 105 living protoplasts were collected by centrifugation and the pellets were frozen at -20 °C. After thawing, each pellet was suspended in 1 ml 0.1 M-phosphate buffer pH 7. The suspension was homogenized at 0 °C in an all-glass microsize Potter-Elvehjem tissue grinder and the homogenate was clarified by centrifugation at 17000 g for 10 rain. The infectivity of the supernatant was tested by local lesion assay on six half-leaves of Nicotiana glutinosa and the opposite half-leaves were inoculated with 0.2/tg/ml purified TMV as a control. The detached half-leaves were put on wet filter paper and kept at 20 °C under continuous illumination. Dilutions of the protoplast extracts producing a number of lesions of the same order of magnitude as the number produced by the control solution was used for estimating the amount of virus in the infected protoplasts. The TMV-infected protoplasts could not be stained by fluorescent antibody against C-TMV and vice versa, and on N. glutinosa leaves the type of lesion produced after inoculation with TMV differed from those after inoculation with C-TMV. The two viruses are therefore easily distinguished in the assays.
About 50% of the protoplasts survived the inoculation procedure described above. Twenty-four h after inoculation 50 to 70 % of the protoplasts in the incubation medium were viable and 50 to 70 % of these were stainable with fluorescent antibody. About 4 #g virus/106 infected protoplasts was synthesized 40 h after inoculation.
The presence of poly-cations in the inoculation medium was necessary for the infection of cowpea protoplasts with TMV or C-TMV. When poly-D-lysine was replaced by poly-L-ornithine (Pilot Chemicals, Boston, Mass., U.S.A., mol. wt. approx. 130000) the percentage of infected protoplasts 20 h after inoculation-incubation was halved, while the amount of virus produced per infected protoplast remained the same. Substitution of poly-L-ornithine with poly-D-lysine had no effect on the extent of infection of tobacco protoplasts with cowpea chlorotic mottle virus (Motoyoshi et al., 1974) .
Preincubation of virus with poly-D-lysine was necessary for infection but preincubation of the protoplasts with poly-cations was not. Poly-D-lysine concentrations higher than 1/~g/ml caused a marked decrease of the number of protoplasts surviving the infection procedure. The detrimental effect of poly-cations in cowpea protoplasts has been also observed by Hibi et al. (1975) and Rao & Hiruki (1978) . Poly-cations were also required for the effective infection of cowpea protoplasts with clover yellow mosaic virus (CYMV) (Rao & Hiruki, 1978) , whereas infection of such protoplasts with cowpea mosaic virus (CPMV) (Hibi et al., 1975) and cucumber mosaic virus (Koike et al., 1976) was achieved in the absence of poly-cations.
For the inoculation of cowpea protoplasts with TMV or C-TMV, 0.1 M-potassium phosphate buffer pH 5.4 at 0 °C was better than 0.01 M-potassium citrate pH 5.2 at 25 °C, used for the infection of such protoplasts with CPMV (Hibi et al., 1975) and CYMV (Rao & Hiruki, 1978) . The amount of virus synthesized in the infected protoplasts 24 h after inoculation was at least three times higher whereas the frequency of infection was similar. Doubling or halving the concentration of potassium phosphate had no influence on the percentage of infection or on the amount of TMV synthesized. The amount of virus synthesized by the infected protoplasts increased by approx. 30% when inoculation, in the presence of potassium phosphate buffer, was carried out at 0 °C instead of at room temperature. The optimum pH of the inoculation buffer was pH 5.4. Both the percentage of infected protoplasts and the amount of virus produced were highest at this pH, as tested about 24 h after inoculation. The cowpea protoplasts were severely damaged at pH values lower than 5.4, whereas above pH 5.4 the percentage of infected protoplasts decreased. The amount of TMV or C-TMV synthesized in the infected protoplasts remained unchanged up to pH 6 and the number of surviving protoplasts increased. Alblas & Bol (1977) also found that potassium phosphate was more beneficial than citrate buffer when inoculating cowpea protoplasts with alfalfa mosaic virus (AMV). In the latter case, however, infection was maximal at a potassium phosphate concentration of 0.025 M or lower and a pH of 5.6 or higher. Enhancement by using phosphate buffer in the inoculation of tobacco protoplasts (Kubo et al., 1974) and tomato protoplasts (Motoyoshi & Oshima, 1975) has been reported for several viruses. Increasing the mannitol concentration from 0.6 M to 0.7 ta or 0.8 M in the standard inoculation medium resulted in a 50% decrease in the amount of TMV or C-TMV, synthesized in the infected protoplasts as determined 24 h after inoculation, although the percentage of infected protoplasts did not decrease. This result contrasts with the observed enhancement of the infection of cowpea protoplasts with AMV (Alblas & Bol, 1977) and barley protoplasts with brome mosaic virus (BMV) (Okuno & Furasawa, 1978) after increasing the mannitol concentration during the inoculation period.
Increasing the TMV concentration (from 1 to 6/~g/ml) or the concentration of protoplasts (from 2 x 105 to 8 x 105/ml) during the period of inoculation reduced the percentage of infection by 40% when tested 24 h after inoculation; the amount of virus produced per infected protoplast remained the same.
The inoculated protoplasts were incubated in the minimal medium used by Takebe et al. (1968) for tobacco protoplasts except that the mannitol concentration was 0.6 M instead of 0.7 or 0.8 M and that 6-benzylaminopurine was omitted from the medium. The latter compound was found to reduce virus production in the infected protoplasts by 50 to 85 % and had no beneficial effect on the survival rate of the cowpea protoplasts as is assumed to be the case for tobacco protoplasts. Growth of bacteria and fungi could be satisfactorily inhibited by the presence of 5/~g/ml aureomycin in the medium without any observable effect on TMV or C-TMV multiplication. If 10 #g/ml rimocidin was added to the incubation medium in addition to 5 pg/ml aureomycin, the amount of TMV synthesized in the infected protoplasts decreased by at least 25 %. Gentamicin (2.5/~g/ml) could not be used to inhibit the growth of micro-organisms as the yield of TMV in cowpea protoplasts was reduced by more than 90 %. This is remarkable since gentamicin does not impair the multiplication of CPMV in cowpea protoplasts (Rottier, 1980) . Using the optimal conditions for inoculation and virus multiplication, the growth curves of TMV and C-TMV were compared. Fig. 1 shows that the time courses of multiplication for both viruses using the same batch of protoplasts treated under the same conditions, were similar. The amount of infectious TMV started to increase at about 12 h after inoculation and then there was a rapid synthesis of TMV for the following 28 h.
The increase of the percentage of intact cowpea protoplasts stainable with fluorescent antibodies against TMV or C-TMV is shown in Fig. 2 . Fluorescent spots became visible in some protoplasts as early as 8 h after inoculation. After this, both the amount of fluorescence in the infected protoplasts and the proportion of antibody-stained protoplasts increased. The number of stainable protoplasts increased linearly until 40 h after inoculation. The increase of detectable infected protoplasts over a relatively extended period after inoculation might indicate a considerable asynchrony in the infection of the protoplasts.
In the experiment shown in Fig. 2, 59 and 41% of the protoplasts were infected 42 h after inoculation with TMV or C-TMV respectively. In various other experiments the percentage of TMV-and C-TMV-infected protoplasts differed only slightly. Examination of TMV-infected protoplasts in the electron microscope showed both large and small aggregates of virus particles at many sites in the cytoplasm (data not shown). No differences were observed between TMV-and C-TMV-infected cowpea protoplasts.
The results demonstrate that the common strain of TMV can both infect and multiply in cowpea leaf cell protoplasts. This is in contrast with the inability to infect intact cowpea plants with this virus. The course of the TMV infection in cowpea protoplasts is similar to that of C-TMV, for which cowpea is the natural host. We have previously compared the infection of tobacco protoplasts by TMV and CPMV (Huber et al., 1977) . CPMV does not produce symptoms of disease in inoculated tobacco plants and the virus does not spread through the plant. Tobacco protoplasts could be infected with CPMV to a high percentage but in comparison with TMV, CPMV multiplication showed a longer lag period and virus multiplication proceeded more slowly. The total amount of CPMV produced in tobacco protoplasts was similar to that of TMV.
In the present study no difference was observed between the course of the infection of TMV and C-TMV in cowpea protoplasts. The rate of virus multiplication was slow when compared with TMV multiplication in cowpea protoplasts (Hibi et al., 1975) . Forty h after inoculation the amount of TMV or C-TMV produced was 20% of the amount of TMV synthesized in tobacco protoplasts. In addition to the slow multiplication rate there appeared to be considerable asynchrony in the infection of the protoplasts, as indicated by the increase of protoplasts stainable with fluorescent antibodies over an extended period of time (Fig. 2 ). This suggests a dose effect on the course of TMV or C-TMV infection. Few virus particles may have entered into most of the protoplasts and/or proceeded to multiplication resulting in the observed asynchrony and the slow multiplication. The asynchrony of infection may also be a result of variation of metabolic activity among individual protoplasts.
Besides tobacco protoplasts, cowpea protoplasts are now available for the analysis of the TMV infection process. Cowpea and tobacco belong to different plant families and because of the genetic difference it is likely that the host proteins synthesized as a result of TMV infection will be different. The TMV-coded polypeptides synthesized after infection should be similar, however, and therefore a comparison of the polypeptides synthesized in both protoplast Systems infected with TMV should help to discriminate between TMV-coded proteins and host-coded proteins.
